Abstract. 9,11-Dehydroergosterol peroxide [9(11)-DHEP] is an important steroid from medicinal mushroom, which has been reported to exert antitumor activity in several tumor types. However, the role of 9(11)-DHEP toward the malignant melanoma cells has not been investigated. In the present study, the steroid from Ganoderma lucidum was purified on a submerged culture, and its antitumor mechanisms on A375 human malignant melanoma cells was investigated by MTT, flow cytometry and western blotting. The studies demonstrated that apoptotic mechanisms of the steroid were caspase-dependent and mediated via the mitochondrial pathway. The steroid did not cause significant changes in the expression levels of B-cell lymphoma 2 (Bcl-2) family proteins, Bcl-2-like protein 11, p53 upregulated modulator of apoptosis, Bcl-2-associated X protein, BH3 interacting-domain death agonist, Bcl-2-associated death promoter and Bcl-2, but it significantly downregulated induced myeloid leukemia cell differentiation protein Mcl-1 (Mcl-1) in melanoma cells, suggesting the key role of Mcl-1 in regulating apoptosis of melanoma cells induced by the steroid. These properties of 9(11)-DHEP advocate its usage as supplements in human malignant melanoma chemoprevention. The present study also suggests that mycelium of G. lucidum has a potential for producing bioactive substances and extracts with applications in medicine.
Introduction
Melanoma is one of the most aggressive metastatic of skin cancer with resistance to most treatments, which represents less than 5% of all skin cancers but responsible for a large majority of skin cancers fatalities (1) . This is closely related to resistance of melanoma cells to the treatment of conventional chemotherapeutics as well as other biological agents (2, 3) . Defects in apoptotic signaling in the malignant melanoma cells are thought to be one of major contributions to unchecked proliferation and immortalization of melanoma. Accordingly, developing new therapeutic approaches targeted at apoptosis induction is a reasonable and promising strategy in controlling the proliferation as well as invasiveness of this neoplasm (4).
9,11-dehydroergosterol peroxide [9(11) -DHEP] is the member of a class of fungal secondary metabolites of 5α, 8α-endoperoxide sterol derivatives. It exits widely in mushrooms. Studies showed that it had cytotoxic effect on different cancer cells (5-7) and exhibited anti-inflammatory activities (8) . But the underlying molecular mechanism of the bioactive steroids on induction of cancer cell apoptosis is not fully elucidated so far.
Ganoderma lucidum (Leyss. ex Fr.) Karst., a medicinal fungus called 'Ling zhi' in China, is considered to be not only the dietary supplement that promotes longevity and maintains the vitality of human beings but also the new medicine sources for many diseases (9) . The fungus body, dry powders of its body wall as well as a mixture of extracts from G. lucidum, have been used to prevent and treat a variety of diseases including cancers for many years (10) . We isolated and purified 9(11)-DHEP from G. lucidum on submerged culture (11) . Our results showed that the inducing apoptosis effects of 9(11)-DHEP on A375 human malignant melanoma Apoptosis induced by 9,11-dehydroergosterol peroxide from Ganoderma Lucidum mycelium in human malignant melanoma cells is Mcl-1 dependent cells involved caspase-dependent and mitochondria-mediated pathway. were cultured in DMEM/F-12 medium supplemented with 5% horse serum, 0.5 µg/ml hydrocortisone, 10 µg/ml insulin, 20 ng/ml epidermal growth factor, 0.1 µg/ml cholera enterotoxin, 2 mM L-glutamine, and 0.5 µg/ml amphotericin B. Hs68 fibroblast cells were cultured in DMEM with 1.5 mg/ml sodium bicarbonate, 4.5 mg/ml glucose, 4 mM L-glutamine and 20% FBS. A375 cells were cultured in DMEM medium containing 10% FBS. The medium was added 100 units/ml penicillin, and 100 µg/ml streptomycin in an atmosphere of 5% CO 2 and 95% air at 37˚C. 4 cells/chamber were treated with the steroid at final concentration of 10, 20 and 30 µg/ml. For the control group (negative control and positive control), 0.05% EtOH (v/v) was used instead of steroids. After additional 72 h incubation, cells were fixed with 4% paraformaldehyde, for 1 h and were re-incubated in 0.1% Triton X-100 for 2 min at 2-8˚C. Slides were further incubated with TUNEL reaction mixture containing nucleotide mixture and terminal deoxynucleotidyl transferase (TdT) for 60 min in a humidified atmosphere at 37˚C in darkness according to manufacturer's instructions of in situ Cell Death Detection kit (Roche Molecular Biochemicals). Analysis was performed by confocal laser scanning microscope (CLSM; Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Materials and methods

Materials
Annexin V-FLUOS assay. Normal, apoptotic, and necrotic cells were distinguished by using the Annexin V-PI kit (Roche Molecular Biochemicals). According to manufacturer's instruction, 3x10 4 A375 cells was suspended in fresh medium and was seeded onto chamber slide for pre-incubation at 37˚C. Cells were then treated with different concentration 9(11)-DHEP for 72 h. Slides were rinsed with PBS (pH 7.4) and were covered with 100 µl/chamber of Annexin V-FLUOS labeling solution (Annexin V-fluorescein in a Hepes buffer containing PI). Slides were further incubated for 10-15 min at room temperature. After labeling, slides were directly analyzed under confocal laser scanning microscope (CLSM; Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Cytochrome c detection. A375 cells (3x10
6 cells/dish) were treated with 9(11)-DHEP for 24 h at concentration of 0, 20, and 30 µg/ml. We used the 0.1% EtOH treated cells as a control. Both adherent and floating cells were collected; cytosolic extracts were prepared by incubation for 30 min on ice in hypotonic buffer pH 7.5. Then cells were broken in and centrifuged at 1,000 x g for 10 min at 4˚C, to remove unbroken cells and nuclei. The homogenates were then centrifuged twice at 12,000 x g for 30 min at 4˚C, and the mitochondria-free supernatants were frozen at -80˚C until further analysis. The rest pellet was continuously extracted in the ice-cold lysis buffer (Cell Signaling Technology, Inc.) for 2 h, and then centrifuged at 14,000 x g for 30 min at 4˚C, and the supernatants were collected as mitochondria fractions for further analysis (12) .
Western blotting. 1x10 7 growing A375 cells were treated with 9(11)-DHEP for 24 h, cells were harvested and lysed in lysis buffer (Cell Signaling Technology, Inc.). For tumor protein, the tumor blocks were homogenized in lysis buffer liquid at 4˚C. The homogenate was centrifuged at 14,000 x g for 30 min at 4˚C and the supernatant was collected as crude protein extract. Total cellular protein was determined using the BCA assay kit (Sigma-Aldrich; Merck KGaA). Equal amounts of cell lysates (60-100 µg protein) were separated by 10-12% Tricine-SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was probed with specific primary antibodies at 4˚C overnight. The specific protein complex formed on appropriate secondary antibody treatment was identified using the LuminGLO substrate reagent. Quantification was performed by densitometric analysis (Model GS-690 Imaging Densitometer; Bio-Rad Laboratories, Inc.).
Statistical analysis.
All experiments were repeated three times (n=3) unless otherwise indicated. The results were expressed as means ± standard deviations (SDs). Statistical analysis was performed using SPSS statistical package (SPSS 19.0 for Windows; SPSS, Inc., Chicago, IL, USA). Linear regression was built to analyze the IC 50 in MTT assay. The difference between two groups was analyzed by two-tailed Student's t test. The difference between multiple groups was analyzed by one-way ANOVA, followed by Tukey's multiple comparison test. P<0.05 was considered to indicate a statistically significant difference. Fig. 1A) was purified from the submerged culture of G. lucidum and the purity of the steroid was checked by RP-HPLC according to the method of Zheng et al (11) .
Results
9(11)-DHEP inhibited the cell proliferation of A375 malignant melanoma cells. 9(11)-DHEP (
To estimate the antitumor capacity of 9(11)-DHEP, inhibitory effects of the steroid on cell viability were examined in different cancer and normal cell lines by MTT assay assay (Table I ). Our studies showed that 9(11)-DHEP suppressed the cell growth of different cancer cells but not Hs68 and MCF-10A-2 cells (Table I) . A375 malignant melanoma cells were the most sensitive to the treatment of steroid. The IC 50 of A375 cells were 9.147 µg/ml for 9(11)-DHEP ( Table I ). The effects of the steroid on the proliferation of A375 cells were investigated by BrdU assay. 9(11)-DHEP inhibited A375 cells proliferation in a dosage-dependent manner. The IC 50 in BrdU assay is about 12.57 µg/ml for 9(11)-DHEP.
9(11)-DHEP induced apoptosis on A375 malignant melanoma cells.
To investigate the mechanism by which the steroid inhibited cancer cells growth, cell cycle analysis of A375 cells was performed with flow cytometry. The cells were treated with different concentration of the steroid for 72 h. As shown in Fig. 1B , the number of the cells in subG1 phase increased significantly in a dosage-dependent manner after treatment with the steroid. These results suggested that the steroid inhibited the cancer cells growth by inducing apoptosis. 20 µg/ml 9(11)-DHEP treatment resulted in a significantly (P<0.05) increase in cell population of the subG1 phase from 1.03 to 5.57% after 24 h incubation (Fig. 1C) .
To better the anti-cancer function of the steroid 9(11)-DHEP, we examined the apoptosis inducing potential of the steroid 9,11-DHEP by TUNEL and Annexin V/PI assay in melanoma cell line. TUNEL assay is the classical method for detecting the DNA fragment found in apoptotic cells. Compared with the negative control, apoptotic bodies were greatly induced in the A375 malignant melanoma cells which were treated with the steroid as the Fig. 2A showed. The apoptotic cells intensely stained green in the TUNEL assay were increased in a dosage-dependent manner. In the Annexin V-PI analysis, the early phase apoptotic cells with high Annexin V and low PI staining were clearly differentiated from different sub-popular: Late phase apoptotic cells with high Annexin V and high PI staining, and necrotic cells with low Annexin V and high PI staining. As Fig. 2B the results indicated that the treatment with the steroid decreased the number of A375 cells in a dosage-dependent manner. The Only 5 µg/ml 9(11)-DHEP treatment could induce early apoptotic cells. This inducing effect was dosage-dependent. This characterized further the apoptosis inducing potential of the steroid 9(11)-DHEP.
Apoptosis of A375 malignant melanoma cells induced by 9(11)-DHEP was via mitochondria-mediated pathway.
To study how the steroid induces apoptosis of A375 cells, the expressions of cytochrome c, PARP, caspase family and Bcl-2 family were investigated in our work. Caspases, a family of cysteine acid proteases, are central regulators of apoptosis. Several caspase proteins were detected in A375 cells treated by the steroid. As the results shown in Fig. 3A , both the steroid noticeably stimulated the activities of caspase-3, -7, -9 in tumor cells in a dosage-dependent manner but not the caspase-6, -8, -10, which suggest that intrinsic apoptotic pathway might be involved in the steroid induced apoptosis in the A375 cells.
PARP, a 116 kDa nuclear poly (ADP-ribose) polymerase, appears to be involved in DNA repair predominantly in response to environmental stress. Our results indicated that the increase expression of cleaved PARP fragments were observed in the steroid treated cancer cells in a dosage-dependent manner (Fig. 3B) , which suggested that the steroid could induce apoptosis on A375 cells.
Cytochrome c plays an important role in the mitochondria pathway. Cytochrome c was detected after 48 h of 9(11)-DHEP treatment. In the cytosolic fraction of 9(11)-DHEP treated cells, cytochrome c was detected, but not in that of control cells. While the content of cytochrome c in the mitochondria fraction decreased a little. Therefore, we concluded that cytochrome c was released from the mitochondria to the cytosol after induced by the steroid (Fig. 3C) . The results demonstrated damage to mitochondria membrane further activated the intrinsic pathway of apoptosis. The expressions of the Bcl-2 family of A375 malignant melanoma cell under the steroid treatment were detected (Fig. 4A) . Our result showed that there were no significant changes on the expression of Bim, Puma, Bax, BID, Bad and Bcl-2, only the Mcl-1 protein was down-regulated in a dosage-dependent manner (Fig. 4B) . Treatment of A375 cells with 9(11)-DHEP significantly (P<0.05) decreased Mcl-1 expression from 1 to 0.86.
Discussion
Ganoderma contains many bioactive natural components, including triterpenes, polysaccharides, proteins and steroids. Ganoderma triterpenoids and steroids were reported to be potential chemopreventive and therapeutic agents for cancer treatment (13, 14) . 9(11)-DHEP is a natural product present in G. lucidum, which has been shown to regulate various biological process. However, the amount of 9(11)-DHEP, isolated from fungi, was too little, which was not sufficient to be used clinically. In this study, we purified 9(11)-DHEP from the submerged culture of G. lucidum. After confirming the structure and purity of the chemical, we investigated the molecular mechanisms by which the cell death of human malignant melanoma cells was induced.
To investigate the antitumor mechanism of the steroid 9(11)-DHEP, we actually assay a serial of experiments. After MTT screening, the tumor cell line most sensitive to the steroid 9(11)-DHEP was chosen for mechanism study. In the BrdU Cell Proliferation Assay, the 5-bromo-2'-deoxyuridine (BrdU) incorporated into cellular DNA during cell proliferation, which was detected by using an anti-BrdU antibody. The IC 50 in BrdU assay of 9(11)-DHEP confirm the anti-proliferation activity of the steroid. To learn more about how the steroid inhibit the tumor cell proliferation, flow cytometry and confocal microscope was used to detect the cell cycle distribution and morphology change treated with 9,11-DHEP. Cells undergoing apoptosis show characteristic morphology and biochemical features. Flow cytometry results suggested that the A375 malignant melanoma cells treated with the steroid could be stopped in subG1 phase in a dosage-and time-dependent manner (Fig. 1) . By using TUNEL assay and Annexin V assay, the apoptosis induction effect of the steroid which was revealed by cleavage of DNA strands was identified once again. In our studies, the morphology of cancer cells treated with the steroid has been observed and these results suggested that the steroid could inhibit the growth of A375 malignant melanoma cell by inducing apoptosis (Fig. 1) . These clearly showed that the steroid could inhibit A375 cell proliferation through inducing apoptosis. Our results indicated that the steroid could activate the caspase 3, 6 and 7 in a dosage-dependent manner (Fig. 3A) . Caspase 3 cleaved PARP, which responded to DNA fragmentation, and eventually leaded to A375 cancer cells apoptosis (Fig. 3B) . This suggested that apoptosis induced by the steroid on A375 melanoma cell was caspase-dependent. In addition, the expression of caspase 8, 9 and 10 were observed. The three caspase were considered as signaling and key caspase in extrinsic and intrinsic pathway, respectively. In our case, caspase 9 but not caspase 8 and caspase 10 was involved in the 9(11)-DHEP-mediated apoptosis of A375 cancer cells.
In order to elucidate if mitochondria is an important target for the apoptotic induction by 9(11)-DHEP, cytochrome c content was detected in both the cytosolic and mitochondria fraction. Our results showed that the steroid could induce the release of cytochrome c into the cytosol (Fig. 3C) , which hinted that apoptosis induced by the steroid was via the mitochondria pathway. The Bcl-2 family plays a crucial role in apoptosis and they include both pro-and anti-apoptotic member. In our work, the decrease of Mcl-1 was observed whereas the expression of the other members Bcl-2, Bcl-xL, Bax, Bad, Bim, BID, Bmf and puma was not changed (Fig. 4) , which change the ratio of expression levels of pro-and anti-apoptotic Bcl-2 family member. Mcl-1, also call myeloid cell leukaemia-1, is an anti-apoptotic member of Bal-2 family. It is thought to promote cell survival by involving in the suppression of cytochrome c release from mitochondria, possibly via heterodimerisation with and neutralisation of pro-apoptotic Bcl-2 family proteins (15) . While the reduction of Mcl-1 expression definitely weakens the link between pro-and anti-apoptotic Bcl-2 family proteins, such as Noxa/Mcl-1 and Bim/Mcl-1, resulting in the release of pro-apoptotic Bcl-2 family proteins. Thus Mcl-1 plays a unique role in regulating apoptosis, as elimination of Mcl-1 is required at an early stage for induction of apoptosis (16, 17) . Its expression is controlled by multiple signaling pathways, including STAT3/5, PI3K/AKT and MEK/ERK pathways. Studies found that Mcl-1 was frequently overexpressed in a variety of human cancers thereby providing protection to the tumor cells from apoptosis (18, 19) . It has been identified as an important target in majority of human cancers (20) . Mcl-1 is known to be critical for survival of melanoma cells under various stress conditions (16, 17) . The expression of Mcl-1 is also known to increase in melanoma with disease progression (21) . Overexpression of the Mcl-1 protein in melanoma has been shown to affect the susceptibility of melanoma cells to apoptotic stimuli in other system (22) . Different from its enhancing pro-apoptotic protein Bax and PUMA expression in the human hepatocellular carcinoma cells (23), 9(11)-DHEP only decreased the Mcl-1 expression in human malignant melanoma cell.
In addition, the steroid 9(11)-DHEP exhibited a dose-dependent inhibitory activity towards IKK-β, which evaluate their possible inhibitory effects on the NF-κB pathway (8) . IKK-β phosphorylate IkB leading to its ubiquitination and degradation. This results in the subsequent translocation of the molecule NF-κB to the nucleus. In the nucleus, NF-kB binds with a consensus sequence of various genes and thus activates their transcription. NF-κB plays a key role in regulating the immune response to infection.
Incorrect regulation of NF-κB has been linked to cancer, inflammatory and autoimmune diseases. Studies showed that novel epigenetic regulation of KPC1 associated with NF-κB pathway activation, promoting metastatic melanoma progression (24) . These results suggest that it is possible for the steroid 9(11)-DHEP affect melanoma progression via its potential immunosuppressive effect by inhibiting the NF-κB pathway. Our study suggested that 9(11)-DHEP could be special chemotherapy agent for melanoma treatment by targeting Mcl-1.
Taken together, our results revealed the anticancer mechanisms of 9(11)-DHEP involved: i) participation of the Mcl-1 protein deceasing; ii) damage in mitochondrial membrane; iii) cytochrome-c release; and iv) caspase-9 and -3 activations. Our work also suggested that the steroid may be natural potential apoptosis-inducing agent for A375 malignant melanoma treatment, which represents promising new reagents that can overcome the immortality of tumor cells.
